Brain stimulation is used clinically to treat a variety of neurological and psychiatric conditions. The mechanisms of the clinical effects of these brain-based therapies are presumably dependent on their effects on brain networks. It has been hypothesized that using individualized brain network maps is an optimal strategy for defining network boundaries and topologies. Traditional non-invasive imaging can determine correlations between structural or functional time series.
Introduction
Resting functional MRI seed-based connectivity is a standard approach for summarizing brain 'networks' that are putatively functionally linked and thought to subserve complex and basic mental operations. Our recent work suggests that evoking activity with transcranial magnetic stimulation (TMS) in a surface accessible node of intrinsic networks largely recapitulates within and between-network correlation maps (1). Emerging approaches in fMRI connectivity promote making greater use of individual topographic maps before aggregating group data so as to capture more accurately functional landscapes from each individual that are spatially variable across subjects but reproducible within subjects (2, 3). In the present study, we approached 'individualization' in brain stimulation in both target determination and measurement of brain responses to stimulation. Targets were individualized using each individual's resting fMRI scan by seeding a deep subcortical region of interest and mapping prefontal cortical areas of highest timeseries correlation with the target for that individual, i.e., 'resting fMRI guided TMS'.
Previous work used individual quantile ranks to describe canonical regional bins in cortical thickness and resting fMRI signal amplitude to demonstrate age-related topological patterns (4) .
We explored quantile ranks calculated within individual interleaved TMS/fMRI scans across voxels, which has not been previously reported to our knowledge . The motivation for using quantiles was based on interest in the relative distribution of TMS evoked brain activation for an individual brain as a basis for effective targeting of brain networks and systems. This strategy has direct clinical application as a basis for personalized medicine.
The current investigation focused on stimulation of accessible regions of prefrontal cortex hypothesized to influence deep brain structures related to affective disturbance: the amygdala and the subgenual anterior cingulate cortex (sgACC). The amygdala is essential to a range of emotional processes and is known to be dysregulated in affective disorders such as posttraumatic stress disorder, social phobia and depression (5, 6) . A large body of neuroimaging work has identified prefrontal regions thought to potentially regulate amygdala activity (7, 8) and also reliably shown to be dysfunctional in clinical populations (9) . In a variety of non-human primate studies, amygdala functional connectivity studies in humans, and a recent diffusion tractography study, multiple subregions of prefrontal cortex stand out as potential targets by which TMS might causally influence the amygdala (10-12). The importance of the sgACC is highlighted by many neuroimaging studies of clinical depression as well as negative mood induction (13-16).
Based on evidence that optimal responses from deep brain stimulation implants for treating depression seem to occur with electrode placement proximal to white matter pathways innervating the subgenual cingulate (17) (18) (19) , 'connectivity' to this target is a priority in defining possible stimulation targets for non-invasive brain stimulation. In the clinical domain, when repetitive TMS treatment is delivered to regions of prefrontal cortex with higher magnitude resting time series correlation with sgACC, the treatment tends to work more effectively (20, 21) . However, the neuroimaging, clinical TMS and animal studies do not clearly prove that there are prefrontal cortical locations that causally influence the amygdala or sgACC in humans. In one recent report of dorsolateral prefrontal cortex stimulation with online fMRI, there was on average no sgACC response (22) though one subject in particular may have activated the sgACC.
To test for the possibility that a targeted approach might causally, on average, engage the sgACC and amygdala, we interleaved TMS single pulses with fMRI recordings which, given the slow rise time of the BOLD signal response to an 'event' (TMS here), allows a brain-wide causal activation map to be defined for any surface brain stimulation target. This is achieved by probing the accessible cortical site and measuring fMRI BOLD signal downstream in response to stimulation. In contrast to our previous work using atlas based targeting (1), here we made individual brain targets based on each participant's initial resting fMRI scan that were used to generate TMS stimulation sites for the subsequent TMS/fMRI scan. We believe this is an quad T/R single channel; Rimpar, Germany) in order to accommodate the custom built TMS coil holder and TMS coil. TMS was delivered using an MRI compatible Magventure MRI-B91 air cooled TMS coil connected to a Magpro X100 stimulator (Magventure; Farum, Denmark).
Neuronavigation through a stereotaxic system (Brainsight; Rogue Research, Montreal, Quebec, Canada) matching fiduciary points from the participant with MRI images through a Polaris optical position Vicra camera allowed marking the stimulation sites on a lycra swim cap. The location for each site was based on individual functional connectivity values over which the TMS coil was placed in the MRI. A dedicated windows PC installed with E-prime 2.0 (Psychology Software Tools, Sharpsburg Pennsylvania USA) was used to gate TMS pulse delivery as well as MRI scans between pulses that each were triggered via TTL pulses through a parallel port with unique pin assignments for each device.
Baseline MRI acquisition
For each subject, a resting state fMRI scan with phase encoding direction anterior to posterior was acquired (TR=720ms, TE=37ms, FA=52°, FOV=208mm, 2×2×2mm voxels, 72 interleaved axial slices with no gap, 600 measurements). For that sequence, subjects were instructed to keep their eyes open and remain as still as possible. Structural data were also acquired and consisted of a high-resolution multi-echo T1-weighted MPR image (TR=2400ms, TI=1060ms, TE= 2.24ms, FA=8°, 0.8×0.8×0.8mm voxels, FOV=256mm, PAT mode GRAPPA, 208 slices).
TMS/fMRI data
Interleaved TMS/fMRI images were acquired with a TR of 2000ms and a TE of 30ms (FA=75°, FOV=192mm, 3×3×4mm voxels, 32 interleaved axial slices, 174 measurements). Each volume was gated by TTL triggers from Eprime and with a 400ms gap between volumes to allow interleaved TMS pulses to be delivered halfway through the gap (at 200ms). This avoids known T1 contamination by simultaneous RF and TMS pulses (24) but given slow BOLD rise time, effectively captures TMS evoked brain responses. Single pulses were interleaved in 12 miniblocks of 7 stimulations separated by 1 TR and including 0, 1, or 2 'catch trials' (random order and block) during which spacing was separated by an extra TR with no TMS pulse to avoid easy prediction of TMS delivery by participants. The mini-blocks were themselves separated by 7
TRs and 71 total stimulations were given per site over 174 volume acquisitions.
MRI processing
For processing resting fMRI data, the first 10 volumes were discarded for T1 equilibrium, and then an automated removal of motion artifact designed to maintain fMRI autocorrelation structure using ICA-AROMA (25) was applied. Nuisance regression, residualizing for white matter and CSF signal, was implemented in FSL 5.08 (FMRIB Oxford, UK), followed by bandpass filtering 0.008-0.1 Hz and 6mm kernel FWHM smoothing. Boundary based registration following FSL FAST tissue segmentation used 6 degrees of freedom to coregister T1 to functional scans and FSL FNIRT default settings were used for nonlinear warps of fMRI data to the 2mm MNI152 average template (26). The inverse of this process moved seed regions to native fMRI space in one step, and functional connectivity for each seed was calculated in native space, resulting in Pearson correlation maps that were transformed to z-scores using the Fisher rto-z equation. Inverting the T1 to functional transform placed the fMRI targets in native T1 space for neuronavigation that were also visually verified. TMS/fMRI data analysis removed two initial volumes for T1 equilibrium and then regressed TMS events convolved with a hemodynamic response function (SPM12 double gamma) on the fMRI time series with regressors of no interest and six motion parameters derived from a 6 degree of freedom linear (FSL FLIRT) transform that coregistered fMRI images to the middle volume acquired. The resulting contrast estimates were subjected to additional analysis and statistical procedures described below.
TMS targets
For both sgACC and amygdala targets, resting FC z-score values of absolute value 0.25 or greater were considered for targeting. For some sites, the FC values for both targets exceeded this threshold and so were included in both sgACC and amygdala focused analyses. For sgACC targets, there were 41 sites (TMS/fMRI runs), including 24 that did not have supra threshold amygdala connectivity. For the amygdala (BLA), there were 44 sites, of which 26 did not have supra threshold sgACC connectivity. For sgACC targets, 7 had negative connectivity FC values with the sgACC and for amygdala targets, 6 had negative FC values with the amygdala. For both the sgACC and BLA, all negatively correlated sites had a within-network TMS evoked quantile response that was within 1 SD of the average within-network quantile response of the positively correlated sites. For the ROI analyses, all negatively correlated sites had a within-BLA TMS evoked quantile response within 1 SD of the average within-BLA quantile response of the positively correlated sites, with the exception of one value that was within 1.5 SDs. Similarly, for the sgACC target, one value was within 1.6 SDs, another within 1.3 SDs, and the rest were within 1 SD of the positively correlated site average.
The TMS coil was positioned with the coil handle facing backwards for a posterior to anterior induced current. The FDI (first dorsal interosseuous) or APB (abductor pollicis brevis) of participant's dominant/right hand was used (whichever most clearly responded) as target muscles for determining motor threshold based on visual observation (5/10 trials with a noticeable resting muscle twitch). Stimulation intensity was then set to 120% motor threshold for all stimulation delivered to that participant.
The sgACC seed was based on an average MDD associated abnormality across fourteen neuroimaging studies and shown to change in connectivity following rTMS treatment (27) shifted just to the left of midline ipsilateral to the stimulation sites and also anatomically well centered to Brodmann 25 at MNI -2, 18, -8 ( Figure 1B1 ). As in previous amygdala subregional fMRI studies (28), the basolateral amygdala ( Figure 1B2 ) was defined using a probability map with threshold 40% for the BLA from a common histological atlas (29), and voxels were retained only if they exceeded the probability threshold for adjoining subregions (centromedial amygdala, CMA; superficial amygdala, SF) (30).
The gray matter mask was based on visual confirmation using FSL version 5.0.8 with an arbitrary value of '100' and up based on visual inspection on the 152 average T1 gray matter tissue prior for a mask in standard space.
Network mask creation
One hundred and twenty seven healthy adult participants with low head motion (<2.0 mm) from a prior release of the NKI 'extended' resting fMRI and structural T1 database were used to define normative atlases for each of the sgACC (Figure 2 ) and amygdala ( Figure 3 ) seed regions, as in our prior work (31). The full sample z-scores thresholded respectively above 0.3 and 0.2 generated voxelwise maps that were given a count of '1' for every subject who had an absolute value z-score that exceeded this threshold. If the count for that voxel exceeded 96 (out of a possible 127 subjects; >75%), the voxel was retained for the next step. The values for the remaining voxels were used to calculate a median image for the whole sample and a standard deviation, both of which were used to generate an effect size (median/standard deviation) required to exceed 6.0 and with a minimum cluster size of 10 voxels (2 mm 3 ) to be retained in the respective network mask. All other processing steps were identical to those from data obtained locally.
FreeSurfer ROIs
Standard space masks for the amygdala and sgACC were used from FreeSurfer 
Statistical methods
Contrast estimates from the TMS evoked fMRI data demonstrated non-comparable levels of variability across participants ( Supplementary Figure 2) , which motivated our transformation of the contrasts to within-scan quantiles before performing group-level tests. From first level GLM contrast estimates in template space, the gray matter from each individual image (TMS stimulation site) was converted into an image of quantiles by ranking gray matter voxels from lowest to highest intensity and dividing by the total number of gray matter voxels. The quantile technique effectively normalized each individual's brain response to TMS to a common domain, similar to allowing for subject-specific random effects in a mixed model. As a result, spatially distributed patterns of evoked TMS response could be pooled across stimulation sites and subjects without being obscured by large differences in global responses to TMS throughout the brain.
In our primary analysis, we tested whether the spatial patterns observed in the TMS activation quantile images had any correspondence across subjects and stimulation sites. For specific regions and networks of interest, we computed the average within-region quantile for each participant and tested whether the across-subject, across-site average of these summaries was different from the median of 0.5, which is the value that would be expected if quantiles across the brain had no coherent spatial pattern. Masks were used to extract the dependent variable, i.e., the average quantile within the region of interest minus 0.5 (i.e., we centered by the median). To account for possible correlation among repeated measures within subjects, we used generalized estimating equations (GEE), which are a semi-parametric extension of generalized linear models (GLMs) for non-independent data (35). In light of the number of subjects in our study (N=14), we opted to use jackknife standard error estimates (36), which have been shown to be less biased than the usual robust standard errors (37) in small samples (38, 39). All models controlled for pain ratings (z-scored within-subject across stimulation sites), centered age, and centered head motion (mean absolute value of root-mean-squared, 6 degrees of freedom calculated with fMRI image realignment). We tested whether the intercept in the GEE model was significantly (p<0.05) different from zero. Since we centered the dependent variable by 0.5 and centered the covariates in the model, a significant intercept can be interpreted as an average BOLD increase or decrease, depending on the sign, relative to median-level activation in the brain for a subject with average values of the covariates. For all primary network and region analyses, we used the identity link function and specified an exchangeable working correlation structure.
We confirmed the interpretability of the quantile responses by validating above-and belowmedian average quantile response with the direction of average TMS evoked responses in the 1 st level contrast estimates in fMRI BOLD. Given the level of correspondence of the measurements (demonstrated in a separate section below), we operationally label the negative and positive GEE intercept parameter estimates as 'negative' or 'positive' BOLD responses in the Results section.
As a sensitivity analysis, we demonstrated robustness of the results by re-fitting all models with an independent correlation structure and qualitatively assessing changes in parameter estimates and significance levels. We also repeated the analyses additionally adjusting for heart rate and respiration measures, z-scored within subject, to quantify the effects of these covariates on the quantiles of evoked brain responses.
Finally, we performed an exploratory voxelwise analysis using the 44 amygdala target quantile images. We fit a GEE at every voxel (within the amygdala subregion mask) to account for repeated measures within subject. More specifically, the dependent variable at a given voxel was an indicator with value 1 if the quantile at that voxel was greater than the median quantile, 0.5, and 0 if it was less than the median. The collection of indicators at the voxel made up the response vector, which was regressed using the GEE on pain (z-scored within subject), centered age, and centered motion. We used the logit link function and specified an exchangeable working correlation structure. Since the assumptions for performing other family-wise error correction thresholding are not met when using a GEE, we corrected for multiple testing by controlling the false discovery rate (FDR) at q<0.05 within the amygdala submask. In the Supplement, we provide arbitrarily thresholded, unadjusted p-values from voxelwise GEE analyses of the entire gray matter separately for sgACC and amygdala target quantile for illustration purposes and to guide potential future projects.
Data availability
The data supporting the study findings are available from the corresponding author upon reasonable request.
Results
Participants had between four and fourteen TMS-fMRI scan runs across one or two scanning sessions. In each TMS-fMRI session the TMS coil was placed on the scalp at a location determined immediately prior to the scan in a TMS neuronavigation session to target prefrontal sites with strong functional connectivity to either the amygdala or sgACC. All models controlled for pain ratings (z-scored within-subject across stimulation sites), age, and head motion (mean absolute value of root-mean-squared, 6 degrees of freedom calculated with fMRI image realignment).
Both amygdala and subgenual cingulate targeted TMS influenced their proposed target regions
We used the basolateral amygdala (BLA) as a seed to target prefrontal stimulation but anticipated that interconnected subregions of the amygdala might have also responded to TMS
given their proximity and reciprocal functional connections. When testing the ipsilateral BLA, we did not establish evidence for activation, i.e., significantly greater than the median (0.5) quantile, with a liberal >=30% BLA probability mask from histological maps (29) .58, p=0.018). Thus, TMS targeting the sgACC also influences the DMN but the observed significant response in the sgACC is partially independent of this effect.
Covariates did not influence the results
Head motion, pain, and age were not significant predictors of subcortical ROI response or network response evoked by TMS in the analyses described above other than those mentioned for pain/discomfort.
Results were robust to the choice of working correlation structure Given the type of data, which included multiple stimulation sites per subject, we specified a working exchangeable correlation structure, which estimates a single correlation parameter for any two repeated measurements within a subject. However, as a test of sensitivity to the choice of working correlation, we repeated the GEE analyses with an independent working correlation structure, which assumes repeated measures within subjects are not correlated. Using the independent correlation structure only slightly altered parameter estimates and p-values with only two changes in statistical significance at the p<0.05 level: 1) the superficial amygdala evoked response was significant at p=.033 when using the exchangeable working correlation and was marginally above statistical significance with p=.055 when using the independent correlation model; and 2) the gyral defined sgACC pain response changed from being significant with a p=0.027 to non-significant with a p=0.067 when specifying an exchangeable and independent correlation structure, respectively. In total, the results were highly robust to the choice of correlation structure for the GEE.
Physiological arousal models A number of subjects were missing one or more of these physiological covariates, leading to a reduction in sample size for these tests when using a complete case analysis. However, we explored preliminarily whether these non-neuronal physiological variables were contributors to our primary results. As the amygdala in some fMRI studies covaries with autonomic arousal
(41), we tested the possibility that amygdala response in our models reflected autonomic coactivation by including heart rate and respiration as additional covariates to the models with age, pain and head motion. We also added heart rate and respiration as additional covariates in the sgACC analyses to test the possibility that the cutaneous sensation of TMS drove an autonomic response which drove an sgACC response. Average heart rate and respiration derived from the pulse oximeter recorded during each TMS/fMRI run were recorded and judged to be of high quality in 33/44 runs for amygdala targets and 31/41 runs for sgACC targets. For the 30% and up BLA mask and CMA mask, neither heart rate nor respiration were significantly associated with amygdala response (BLA30 ps>0.11; CMA30 ps>0.54). For the SF 30%+ probability subregion, increased heart rate was associated with higher amygdala response (PE=0.069, Wald In the amygdala network (BLA z>0.3), heart rate was positively associated with response to TMS (PE=0.016, Wald χ 2 =4.67, p=0.031). An even stronger relationship was found using the independent amygdala network mask (PE=0.028, Wald χ 2 =9.55, p=0.002). Again, neither network responded significantly to TMS in the original analyses.
Testing for specificity using our primary sgACC region of interest, neither of the physiological measures were significantly associated with the TMS evoked response (p>0.39) nor were they significantly associated with the independent sgACC region response (ps>0.50). Similarly, the sgACC network response was not significantly associated with either physiological variable (ps>0.31).
In summary, the amygdala network and superficial amygdala subregion responses covaried with heart rate whereas centromedial and basolateral amygdala activation were not predicted by heart rate. None of the sgACC focused results were predicted by autonomic measures.
Exploratory voxelwise analyses
Given that the amygdala BLA was used as a target but the significant amygdala evoked effects from TMS targeting this region were most pronounced in the CMA and superficial zones, we performed a voxelwise exploratory analysis using a false discovery rate of q<0.05 within a mask that included all three subregions (overlapping) at a 30%+ threshold. The peak corrected voxel in that mask was at MNI x,y,z (-20, -6, -12), q=0.0000023 with the following histology based probabilities: 78% superficial, 68% laterobasal, and 56% centromedial. In other words, the amygdala subregions were all well represented in the peak TMS evoked amygdala response.
An average TMS evoked map from the GEE (mean + 1.5 SD) for illustration purposes for each Also consistent with our interpretation of the positive amygdala response to focused TMS, the CMA and SF regions had positive BOLD contrast weights (CMA=.034(.047); SF=.027(.069)).
Though not significant in the primary quantile analyses, the BLA network response was very slightly negative -.002(.040) as was the BLA ROI response -.008(.044). At the voxelwise amygdala response peak (Figure 5 ), the BOLD response was positive 0.100(0.371) as were the responses in the neighboring voxels and in the homologous contralateral amygdala (Supplementary Figure 4) .
Discussion
In and the neuroimaging literature may be an appropriate guide suggesting the existence and location of these circuits. A potentially more behaviorally meaningful approach is discovering the degree to which a particular network node might causally influence a brain network. We have established this approach for targeting canonical resting state brain networks (1) that we build upon here demonstrating that the sgACC as well as the distributed functional network with which it is connected respond to individualized sgACC targeted TMS. The sgACC response was effective in moving the target region but did not move an adjacent region generated using a surface parcellation atlas. Though both regions had zones of negative BOLD response, only the sgACC target mask had a homogenous negative response whereas the surface based region showed mixed positive and negative peaks. The amygdala response peak was in a zone where several subregions of the amygdala complex overlap as determined by a human histological atlas (29). The amygdala responded to targeted TMS though the distributed amygdala network was not effectively engaged. This pattern wherein the surface node and downstream target only were engaged suggests a tight prefrontal-amygdala coupling separate from each node's distributed brain network profile.
In this investigation of resting fMRI guided targeting, we determined that this approach was effective given that we causally influenced both targets by applying TMS to prefrontal sites determined using resting fMRI. The precise targeting location varied by individual as did each subject's TMS evoked brain map that was ranked voxelwise by quantile before being aggregated for sgACC or amygdala target analyses. In the behavioral domain, it has been demonstrated that individual functional localization is better than anatomical localization which is better than a group functional template which is better than a scalp EEG coordinate in terms of effect size influences on behavior (42). Our results are consistent with these preliminary findings and support recent cognitive neuroscience work that observes individually specific functional network mapping (2, 3). Seeding the sgACC in previous studies of resting fMRI has generally found the distributed default mode network (DMN) map (50). Individual differences in sgACC connectivity were also reproducible across scan sessions. Using our analysis pipeline, we found substantial overlaps between the sgACC network and the canonical DMN (40) as well as a DMN response to sgACC focused TMS. When removing the sgACC network voxels that overlapped with the largest DMN mask (Yeo 7 Network), we continued to find an sgACC network response, suggesting the induced brain response to sgACC targeted TMS includes a brain response not captured by the DMN.
Neither the sgACC, the sgACC network nor the centromedial amygdala subregion responses to TMS were predicted by variations in heart rate or respiration recorded during TMS/fMRI runs.
One exception was the heart rate relationship with the superficial amygdala response that was unique to that subregion. We also found that, though the amygdala network was generally not responsive to TMS, there was a significant relationship between amygdala network response and heart rate, suggesting an interdependence between the amygdala network and cardiovascular response to TMS.
Limitations in the present study included a relatively small number of participants (though a large number of stimulation sites across participants). Also, though the sgACC network was partially independent of DMN response to TMS, the sgACC ROI and sgACC network at least partially covaried with the DMN response and so DMN response to TMS could contribute mechanistically to, for example, repetitive TMS (rTMS) treatment in depression shown to alter sgACC-DMN connectivity (27). We here shed light on a targeting approach for administering TMS to engage sgACC and amygdala. However, we do not yet establish the degree to which these circuits are modifiable using rTMS or other interventions. Finally, the selection of a target for an individual participant among a variety of 'hot spots' indicated by the resting fMRI map will require additional focused study especially in neuromodulatory investigations.
Conclusion
We here establish that resting fMRI guided non-invasive brain stimulation is effective in causally and specifically influencing subcortical targets such as the subgenual anterior cingulate cortex and the amygdala. Adding to enthusiasm for 'individualized' brain network representations, we demonstrate the value of individualizing TMS target locations for each participant and individualizing brain responses through analysis of quantile values taken from 1 st level GLM contrasts in TMS-evoked fMRI data. We further contend that TMS/fMRI is a powerful technique for probing causal circuit pathways that can uncover mechanistic details especially in determining how neuromodulation changes brain, behavior, and symptoms. Future research in our lab and others will establish the relevance of this type of circuit mapping approach to individual differences in response to neuromodulation targeting specific brain networks. The ultimate goal of TMS mapping and neuromodulation studies in healthy and patient populations is to optimize neuromodulation in order to move the brain from a less to a more optimal state (51).
The field of interleaved TMS/fMRI is still in its infancy and approaches to use these causal maps to investigate neuropsychiatric abnormalities is worthy of focused study in its own right (52-54). 
